Due to their exceptional strength properties combined with good workability the Advanced High-Strength Steels (AHSS) are commonly used in automotive industry. Manufacturing of these steels is a complex process which requires precise control of technological parameters during thermo-mechanical treatment. Design of these processes can be significantly improved by the numerical models of phase transformations. Evaluation of predictive capabilities of models, as far as their applicability in simulation of thermal cycles thermal cycles for AHSS is considered, was the objective of the paper. Two models were considered. The former was upgrade of the JMAK equation while the latter was an upgrade of the Leblond model. The models can be applied to any AHSS though the examples quoted in the paper refer to the Dual Phase (DP) steel. Three series of experimental simulations were performed. The first included various thermal cycles going beyond limitations of the continuous annealing lines. The objective was to validate models behavior in more complex cooling conditions. The second set of tests included experimental simulations of the thermal cycle characteristic for the continuous annealing lines. Capability of the models to describe properly phase transformations in this process was evaluated. The third set included data from the industrial continuous annealing line. Validation and verification of models confirmed their good predictive capabilities. Since it does not require application of the additivity rule, the upgrade of the Leblond model was selected as the better one for simulation of industrial processes in AHSS production.
Introduction
Advanced high-strength steels (AHSS) are complex, sophisticated materials, with carefully selected chemical compositions and multiphase microstructures resulting from precisely controlled heating and cooling processes. Various strengthening mechanisms are employed to achieve a range of strength, ductility, toughness, and fatigue properties. In consequence, AHSS offer extremely attractive combinations of these properties. The AHSS are uniquely designed to meet the challenges of today vehicles as far as safety regulations and emissions reduction at affordable costs are considered.
The AHSS family includes Dual Phase (DP), ComplexPhase (CP), Ferritic-Bainitic (FB), Martensitic (MART), Transformation-Induced Plasticity (TRIP), and Twinning-Induced Plasticity (TWIP) (Ref 1) . The 1st and 2nd Generation AHSS are uniquely qualified to meet the functional performance demands of certain parts. Due to their high energy absorption DP and TRIP steels are excellent example of material used for crash zone parts of a car. High-strength steels such as MART and boron-based Press Hardened Steels (PHS) ensure improved safety performance when used for structural elements of passenger compartments. Recently there has been increased research for the development of the ''3rd Generation'' of AHSS (Ref 2) . These are steels with improved strength-ductility combinations compared to present grades, with potential for more efficient joining capabilities, at lower costs.
The DP steel, which was selected for the analysis in the present paper, is a composite of ductile ferrite and hard martensite phases occasionally containing some bainite and retained austenite. This combination results in an increase of strength, hardening coefficient, and elongation in the tensile test. Such features are crucial when car body parts responsible for passengers safety are produced of steel (Ref 1, 3) . The morphology and volume fraction of martensite, as well as its chemical composition and hardness, are the factors which influence properties of the products (Ref 4) . Required relation between volume fractions of ferrite and martensite is obtained by applying special cooling paths. The general idea is fast cooling of the steel to the temperature of maximum rate of ferritic transformation, maintaining the temperature for the time needed to obtain required volume fraction of ferrite followed by fast cooling which transforms the remaining austenite into hard constituents. Practical realization of this cycle can be done either during laminar cooling after hot rolling (Ref 5) or during continuous annealing after cold rolling (Ref 6, 7) . Both processes require precise control of the thermal cycle to obtain required microstructure of products. Therefore, before new generations of DP steels can be adopted and the potential benefits be achieved, many fundamental scientific and technical research issues must still be addressed. Numerical modeling is used to support timely and expensive experimental in this research and to design of optimal thermal cycles.
A variety of models dedicated to the prediction of phase transformation kinetics during manufacturing of strips with DP structures were published. Applied solutions vary from fundamental JMAK equation to advanced models, which account explicitly for the material microstructure. Among numerous publications in this field those based on 3-D microstructure evolution model should be mentioned. Bos 16). In the present paper, the approach based on the second order differential equation described in (Ref 17) was considered. The objective of the present paper was to evaluate the behavior of developed models in more complex thermal cycles and to investigate possibility of application of alternative models. Experimental simulations of the cycles, which go beyond the constraints of industrial lines, were performed on the dilatometer DIL 805. The results of experimental simulations were used to verify and validate the models.
Experiments

Procedure
Verification and validation of phase transformation models and their applicability to simulate industrial processes for advanced high-strength steels was the main objective of this paper. Experiments were performed to supply data for this verification and validation. The objective was reached in three steps. Experimental simulations of thermal cycles were performed for the steel with chemical composition given in Table 1 (steel A). The cycles were designed to enable verification and validation of models in the conditions going beyond the constraints of industrial annealing lines ( Fig. 1 ; Table 2 ). The second set of tests included experimental simulation of the typical thermal cycle for the industrial continuous annealing line (Fig. 2) . The steel manufactured in this line had the chemical composition given in the second row of Table 1 (steel B). The experimental simulations were performed on the dilatometer DIL 805 (Baehr-Thermoanalyse). The third step of the verification and validation of phase transformation models included simulations of industrial continuous annealing process, which is described in Ref 18 . Experimental simulations were preceded by dilatometric tests, which were carried out to supply data for identification of the phase transformation models. The tests were performed on the dilatometer DIL 805. Dilatometric specimens with dimensions 0.9 9 0.9 9 7.0 mm were machined from cold rolled steel sheets with longitudinal direction parallel to rolling direction. The dilatometric specimens from steel A were heated to the annealing temperature of 920°C at heating rate 3°C/s and immediately cooled at series of linear rates from 1°C/s up to 332°C/s. The dilatometric specimens from steel B were heated to the annealing temperature of 857°C according to the typical thermal cycle for the industrial continuous annealing line (Fig. 2 ) and cooled at series of linear rates from 30°C/min up to 335°C/s. After the tests all samples were subjected to the analysis of the microstructure using scanning microscope.
Results
After quenching all samples were subjected to the microstructure analysis with the use of scanning microscope.
Selected microstructures are presented in Fig. 3-8 . The following observations were made:
• Cycle 1 (Fig. 3) : Microstructure is composed of ferrite (75%) with the grain size of 5.8 lm and hard constituents. The latter are in the form of grains containing bainite and martensite of the average size of 5.3 lm.
• Cycle 2 (Fig. 4) : As in cycle 1, the microstructure is composed of ferrite (72%) and hard constituents in the form of complex grains containing bainite and martensite. Volume fraction of bainite is larger than in cycle 1. This is due to increase of austenite volume fraction and decrease of carbon content in this phase after long time at 810°C. • Cycle 3 (Fig. 5): The sample was heated to 810°C, held for 10 s and then quenched right after this temperature was reached. The microstructure contained 75% of ferrite with the grain size of 4.0 lm and hard constituents bainite and martensite. Volume fractions of these two phases were similar and the average size was 5.3 lm.
• Cycle 4 ( Fig. 6) : The sample was maintained at 810°C for 10 s. The microstructure is similar to the sample after cycle 3. Volume fraction of ferrite was 73% with the grain size of 5.3 lm.
• Cycle 5 ( Fig. 7) : After maintaining the sample at 810°C for 10 s, it was subjected to two step cooling, slow and fast. During slow cooling austenite was transformed into ferrite and carbon content in austenite increased. In consequence martensite was the main hard constituent. Small amount of bainite was observed, as well. Volume fraction of ferrite was 74% with the grain size of 6.2 lm.
• Cycle 6 ( Fig. 8) : After maintaining at 810°C for 10 s the sample was cooled to 450°C and maintained at that temperature for 1200 s. At the beginning of cooling about 50% of ferrite remained in the microstructure. The total volume fraction of ferrite after cooling was 80%. The whole remaining austenite was transformed into bainite. Coagulation of the cementite particles followed.
Cycle 9 (Fig. 2 ) reflects typical industrial continuous annealing process. Cycles 7 and 8 ( Fig. 2) were performed to investigate the microstructure after heating and after the end of the ferritic transformation, respectively. After the tests all Fig. 1 and Table 2 Journal of Materials Engineering and Performance Volume 25(4) April 2016-1483 Fig. 4 Selected representative microstructures of the sample after thermal cycle 2 in Fig. 1 and Table 2 Fig . 5 Selected representative microstructures of the sample after thermal cycle 3 in Fig. 1 and Table 2 Fig . 6 Selected representative microstructures of the sample after thermal cycle 4 in Fig. 1 and Table 2 1484-Volume 25(4) April 2016 Journal of Materials Engineering and Performance Fig. 7 Selected representative microstructures of the sample after thermal cycle 5 in Fig. 1 and Table 2 Fig. 8 Selected representative microstructures of the sample after the thermal cycle 6 in Fig. 1 and Table 2 Fig . 9 Selected representative microstructures of the sample after the thermal cycle 7 in Fig. 2 samples were subjected to microstructure analysis using scanning microscope. Selected microstructures are presented in Fig. 9 -11. Figure 9 shows microstructures after cycle 7. Bainite is a dominant component in this microstructure. Since the maximum temperature in the cycle was 856°C, which is above A c3 , the isolated ferrite grains (Fig. 9a) observed in the microstructure probably occurred during cooling. The mixture of upper and Table 3 Equations in the model based on the upgrade of the JMAK equation
lower bainite (Fig. 9b) is observed. Figure 10 shows microstructures after cycle 8. Only martensite islands are seen in the ferritic matrix. Figure 11 shows microstructures after cycle 9. Martensite and bainite islands are observed in the ferritic matrix. Ferrite volume fraction is close to that observed in cycle 8.
Models
Basic Equations
Phase transformation models were classified in Ref 19 . Two models investigated in Ref 19 were considered in the present work. The first was upgrade of the JMAK model which is described in detail in Ref 20 . All equations of this model are given in Table 3 . Notation in this table is as follows: X-volume fraction of a new phase, t-time, D c -austenite grain size, k f , k p , k b -coefficient k in Eq 1 for ferritic, pearlitic and bainitic transformations, respectively (k p = a 15 in the model), s p , s b -incubation time for pearlitic and bainitic transformations, T-temperature in C, R-gas constant, B s , M s -transformation start temperature in°C for bainitic and martensitic transformations, respectively, C c -average carbon Table 7 Coefficients in Eq 2 and 3 in Table 3 c mathematical formulation of this model is based on the control theory, it will be further referred to as CONT model. Details of this model are given in (Ref 17) . This model was applied to the ferritic transformation only while the remaining transformations were described by the JMAK model in Table 3 . Main equations of the upgrade of the Leblond model are given in Table 4 . Notation in this table is as follows: F fmax -maximum volume fraction of ferrite in a current temperature, c-carbon content in steel, c a -carbon content in ferrite, c eut -carbon content in eutectic temperature.
Identification
Upgrades of the JMAK and Leblond models contain a number of coefficients which are grouped in the vector a. Values of these coefficients were determine for the investigated steels on the dilatometric tests performed with various cooling rates. Inverse algorithm described in Ref 20 was used for the identification and the values of coefficients are given in Table 5 for the JMAK model and in Table 6 for the CONT model, respectively. Coefficients in Eq 2 and 3 in Table 3 , which describe equilibrium carbon content at phase interfaces, were calculated using ThermoCalc software and they are given in Table 7 . In all tables upper row is for steel A and lower row is for steel B.
Models with optimal parameters were verified by comparison calculated start and end transformations temperatures with Fig. 12 . The two models described above were used for simulation of the thermal cycles presented in section 2 of this paper.
Results
Kinetics of Transformation
Calculated kinetics of transformations for all investigated laboratory tests are presented in Fig. 14 and 15 . Timetemperature profile for each cycle is presented by the dashed line in each figure. Calculated volume fractions for all cycles are presented in Fig. 16 . Calculated volume fractions of phases agree well with the experimental data (Fig. 13) . Old ferrite is the ferrite, which was not transformed into austenite during heating.
Industrial Annealing Cycles
Validation of the models was performed by simulation of the industrial continuous annealing thermal cycles. Two cycles, one resulting in the DP and the second in the CP microstructure, were simulated. Details of these cycles and results of simulations using JMAK model are presented in Ref 18 . Figure 17 shows kinetics of transformations and time-temperature profiles for the considered industrial thermal cycles and Fig. 18 shows volume fractions of structural components for these cycles calculated using CONT model. Martensite (M) in Fig. 18 represents only this part of martensite, which was not tempered during galvanizing process. These results correspond well to the values of F = 60%, M = 10% and B + TM = 30% for the DP cycle and F = 40%, M = 5% and B + TM = 55% for the CP cycle which were recorded in the microstructural observations in the industrial conditions (Ref 18).
Conclusions
Evaluation of application capability of simple phase transformation models in the simulation of thermal cycles characteristic for the continuous annealing was the objective of the paper. Two models were considered. The first was JMAK equation and the second was solution of the second order differential equation (CONT). Validation and verification of both models was performed. Experimental simulations of various thermal cycles were performed on the dilatometer DIL 805. The following conclusions were drawn:
• Dilatometric tests confirmed good accuracy of both models as far as prediction of volume fractions of phases in constant cooling rate conditions is considered. • Experimental simulations confirmed good accuracy of the models for more complex thermal cycles. Discrepancies between calculations and measurements were observed for the cycles where direct quenching from the intercritical region was applied.
• CONT model does not require additivity rule and is more suitable for simulations of complex thermal cycles.
• Capability of the CONT model to simulate the industrial continuous annealing line was confirmed.
